The AErosol RObotic NETwork (AERONET) is the most developed ground-based 15 network for aerosol remote-sensing and has been playing a significant role not only in monitoring air quality for protecting human health but also in assessing the radiative budget of our planet Earth. In this paper, we report the direct sun and inversion products, comprising of spectral variation of Aerosol Optical Depth (AOD), associated Ångström Exponent (AE), fine-and coarsemode aerosol fractions, Aerosol Size Distribution (ASD), Refractive Index (RI), Asymmetry 20 Parameter (AP), Single Scattering Albedo (SSA), Aerosol Radiative Forcing (ARF), and columnar concentration of gas constituents such as water vapor (H2O), obtained from a Cimel sun-sky radiometer, functioning at Pune, India, under the AERONET program since October 2004. These long-term measurements carried out from 2005 to 2015 could serve as an urban aerosol optical long-term average or climatology The AOD long-term variations at all wavelengths, considered in 25
Variations in meteorological elements
The meteorological key fields such as wind, temperature and humidity play vital role in several stages of aerosol optical, microphysical and dynamical evolution. In order to examine these monsoon and wind, air temperature and specific humidity (q) at 850 hPa pressure level, averaged over the Indian region). Winds are represented with arrows pointing toward wind direction, where length and orientation of each arrow defines the magnitude (ms -1 ) and direction (degrees), respectively. Line contours represent air temperature (°C) and shaded color contours represent specific humidity/water vapor mixing ratio (kg kg -1 ). It is evident from the figure that besides a 115 large contrast between land and ocean regions, a significant seasonal variation in the abovementioned parameters can be noted over the experimental site. Higher specific humidity values are evident over the Indo Gangetic Plain and ocean regions during monsoon season as compared to other three seasons. Highest moisture (q) values can be noted over the northern part of India during the monsoon season for the entire study period. In contrast, lowest q values can be seen solar disc and continue ±180° from the Sun in about 40s. This is repeated for each channel to 150 complete an almucantar sequence (Holben et al., 1998) .
The calibration of the instrument was performed regularly at the Goddard Space Flight Center (GSFC) by a transfer of calibration from reference instruments that were calibrated by the Langley method at Mauna Loa Observatory (MLO), Hawaii. The combined effects of uncertainties in calibration, atmospheric pressure, and total ozone amount (climatology is used) result in a total 155 uncertainty in derived aerosol optical depth of ~0.010-0.021, with the largest error in the UV (Eck et al., 1999) . The AERONET algorithms compute the aerosol optical depth retrievals in near real time (Holben et al., 1998) . Data are quality checked and cloud-screened following the methodology of Smirnov et al. (2000) , which relies on the greater temporal variance of cloud optical depth versus aerosol optical depth. The AERONET archive is divided into 3 quality levels: 160 level 1.0 for raw data, level 1.5 for cloud-screened data and level 2.0 for quality assured data (Holben et al., 1998; Smirnov et al., 2000) and can be downloaded from the AERONET website (http://aeronet.gsfc.nasa.gov/). The AERONET data (from January 2005 to December 2015) used in this study belong to version 2.0 at level 2.0, which are cloud-screened and have been revised (manual screening), ensuring the data quality (Giles et al., 2019) . A number of studies have already 165 described the instrumentation, data acquisition, retrieval algorithms, and calibration procedures, which confirm to the standards of the AERONET global network, as well as the uncertainty in final products and the applied cloud-screening procedures (Holben et al., 1998; Eck et al., 1999; Smirnov et al., 2000 Smirnov et al., , 2002a Smirnov et al., , 2002b . More details about AERONET instrument used in the present study at Pune, India have been reported by Sumit et al. (2011) . 
MODIS
The Moderate-resolution Imaging Spectroradiometer (MODIS) is a scientific instrument (radiometer) on board the NASA Terra and Aqua satellite platforms. Both Terra and Aqua satellite platforms, launched in 1999 and 2002 respectively to study global dynamics of the Earth`s atmosphere, land, ice and oceans. Thus, the instrument collects a variety of global data sets. Terra 175 and Aqua satellites with MODIS instruments attached fly on the sun-synchronous orbits at 705km altitude and pass over the same spot of the Earth at about the same local time every day, i.e., 10:30AM in the case of Terra and a 1:30PM for Aqua. Due to the large swath of data collected by MODIS (over 2300 km wide) it is possible to observe almost the entire Earth surface every day. MODIS measures reflected solar and emitted thermal radiation in a total of 36 bands ranging in 180 wavelength from 0.4 µm to 14.4 µm and at varying spatial resolutions (2 bands at 250 m, 5 bands at 500 m and 29 bands at 1 km). Detailed descriptions of the MODIS aerosol retrieval and its evolution since the start of MODIS operation are given in the work of Remer et al. (2005) . In this study, we used AOD at 550nm and water vapor observations from 2005 to 2015.
OMI

185
The Ozone Monitoring Instrument (OMI) measures the solar radiation backscattered by the Earth's atmosphere and surface over the entire wavelength range from 270 to 500 nm with a spectral resolution of about 0.5 nm. OMI measurements are highly synergistic with the other instruments on the Aura platform. The 114° viewing angle of the telescope corresponds to a 2600 km wide swath on the surface, which enables measurements with a daily global coverage. OMI continues 190 the TOMS record for total Ozone and other atmospheric parameters related to Ozone chemistry and climate. Also, total columns of gases like NO2, BrO and SO2 will be derived. The US Environmental Protection Agency (EPA) has designated these atmospheric constituents as posing serious threats to human health and agricultural productivity. These measurements are made at near urban scale resolution and track industrial pollution and biomass burning. Furthermore, 195 aerosol and cloud parameters will be determined from the OMI measurements. The OMI instrument is a contribution of the Netherlands's Agency for Aerospace Programs (NIVR) in collaboration with the Finnish Meteorological Institute (FMI) to the Aura mission. In this study, we used AOD at 442nm measurements for comparison with ground-based observations of AERONET data during study period. 
Heating rate
The amount of solar radiation trapped in the atmosphere by aerosols, as quantified by the atmospheric heating rate (HR; Kday -1 ), has been analyzed. The HR due to aerosol absorption is calculated according to the first law of thermodynamics and assuming hydrostatic equilibrium, as suggested by Liou (2002) : Where is the HR in Kday -1 , g is the acceleration due to gravity, is the specific heat capacity of air at constant pressure (i.e., ~1006 J kg -1 K -1 ), and is the atmospheric pressure difference between surface and 3 km altitude, where most aerosols are present. 
Discrimination of aerosol types
The discrimination of aerosol types increases accuracy of the assessment of the aerosol radiative impact and therefore, is important to climate modeling (Diner et al., 1999) . Previous studies showed that different aerosol types have different effects on climate because their diverse morphology, size distribution, hygroscopic properties, and chemical component will lead to 215 different aerosol optical properties (Giles et al., 2011; Giles et al., 2012; He et al., 2018; Kumar et al., 2018) . For example, dust aerosols are often large particles and have a scattering tendency (Vijayakumar et al., 2014) , whereas black carbon aerosols are usually small particles and have an absorbing nature (Tan et al., 2016) . Various optical and microphysical parameters have been used for aerosol classification. The spectral dependence of aerosol optical depth (AOD), expressed by 220 the Angstrom Exponent (AE), is a good indicator of particle size. These two parameters is commonly used in aerosol remote sensing to infer dominant aerosol types given knowledge of the source region or typical aerosol transport mechanisms (Vijayakumar and Devara, 2013) . Gobbi et al. (2007) used this parameter and its spectral curvature to propose a graphical method for evaluating the contribution of fine mode particles to AOD and to track mixture of pollution 225 containing dust. Schuster et al. (2006) determined that variation in AE wavelength pairs is sensitive to aerosol composition. In addition, the spectral AOD and AE data was used in deriving the curvatures (a1 and a2) correlated with AOD can be effectively used for discriminating different aerosol types Kumar et al., 2013) information content from these relationships varies from generic identification of major aerosol particle types (e.g., dust mixed 230 and urban/industrial pollution) to specific degrees of absorbing aerosols. In the Indian subcontinent humidification, gas-to-particle conversion). The classification method (AOD440nm Vs. AE440-870nm)
is illustrated in Fig. 3 (a).
CIMEL sun/sky radiometer derived fine-mode fraction (FMF) at 500nm has been used to represent the dominant aerosol size mode, because FMF provides quantitative information for both fine-and coarse-mode aerosols. SSA has been used to quantify the aerosol absorption/scattering 255 at 440nm, which is the shortest wavelength of AERONET channels and generally used to distinguish absorbing from non-absorbing aerosols . FMF500nm) is illustrated in Fig. 3(b) . 
Aerosol Optical Depth (AOD)
Generally, aerosols originating from differing source regions are likely to have significant differences in their optical properties. However, regional distribution of aerosols, their inter-annual 290 variability and detailed description of spectral aerosol optical properties are needed to understand the influence of aerosols on the climate of the study region . The optical properties of aerosols over Pune (one of the rapidly growing cities) show strong seasonal and inter-annual variations. Aerosol characteristics vary with time and region because of its different aerosol sources (e.g. aerosol types and emission intensity) and different atmospheric conditions (e.g. at 440 nm and minimum value of 0.28 at 1020 nm, it shows strict wavelength dependence (higher AOD at shorter wavelength and vice-versa). 
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The long-term trends in monthly average values, calculated from the daily average AODs at 440, 675, 870 and 1020 nm during the study period are shown in Figure 6 . It is evident from the figure that the AODs are strongly dependent on receiving filter centre wavelength; resemble that of a continental environment whereas flat spectra are generally expected over marine and dust environments (Sumit and Devara, 2012a) . AOD at all wavelengths shows 310 increasing trend because this region is mainly affected by various kinds of aerosol sources and change of meteorological patterns. The seasonal variation of AOD at different wavelengths is shown plotted in Fig. 7 . At all wavelengths, AODs show lower values in winter season which could be due to strong inversions, and whatever aerosols due to various human activities (domestic cooking, vehicular and industrial emissions, etc.) are let out into the 315 surface layer get trapped in the lower atmosphere due to less ventilation. Also, due to calm wind conditions, aerosols of soil-dust type are less during winter. In the pre-monsoon, the greater AOD values be attributed to the increased concentration of continental aerosol loading due to higher temperatures in the study region, as well as other sources such as long-range transport values are decreasing from winter to pre-monsoon which may be associated with air masses dust from west (2012) reported that the anthropogenic aerosols are abundant in pre-monsoon season could also be due to festive celebrations. Higher aerosol loading during the monsoon period at all wavelengths, noticed in the present study, due to paucity of useful data points and prevalence of frequent overcast conditions (cloudy in nature). September is less because of a smaller number of clear/partly clear sky days. Therefore, the relative magnitude of water vapor during these four months could be partly due to sampling bias. However, the average value of water vapor during the monsoon season is still significantly higher when 380 compared to with that in other season (Figure 9 ). Water vapor starts decreasing once the monsoon season ends in September. From Fig. 9 , lower values are observed in winter, slightly increasing up to monsoon season and thereafter water vapor is decreasing due to monsoon rains and decreased aerosol input due to colder ground surface. The less possibility of hygroscopic growth of aerosols due to low water vapor content may also contribute. On a seasonal scale, the increase water vapor 385 from the winter (December-February) to pre-monsoon (March-May) season is about 39.72% and from the pre-monsoon to monsoon (June-September) seasons is as high as 80.95%. Further, the direct-Sun AOD measurements and almucantar scan inversions, the spectral deconvolution algorithm (SDA) applied to the direct-Sun AOD analysis to partition the fine-and 430 coarse-mode contributions to the total AOD at a standard wavelength of 500nm (O'Neill et al., 2001 (O'Neill et al., , 2003 . This parameter proves to be a quite effective indicator of the size distribution of the observed aerosols. Figure 12 displays the monthly mean variations of total, fine-mode and coarsemode AOD at 500nm. It is evident that the total AOD is almost constant throughout period, while the fine-mode shows decreasing trend (-3.05% y -1 ) and coarse-mode shows increasing trend 435 (4.25% y -1 ). The decreasing trend in fine-mode implies reduction in anthropogenic activity while the increasing trend in coarse-mode suggests dominance of natural sources such as dust, sea-salt.
The seasonal total, fine-and coarse-mode AOD variations, averaged over the period from January 2005 to December 2015, are shown in Fig. 13 . The total and coarse-mode are seen dominated during monsoon season as noticed in the water vapor and Ångström Exponent variations.
440 Figure 13 . Same as Fig. 12 , but for different seasons. Abundance of fine-mode AOD during postmonsoon and coarse-mode AOD during monsoon seasons may be noted. The size distribution of aerosols is an important parameter in understanding their climate effect.
Aerosol Size Distribution (ASD)
445
The world-wide aerosol size distribution exhibits two distinct modes: fine particles with particle size <0.6 μm and coarse with particles size >0.6 μm (Dubovik et al., 2002) . So the fine and coarse modes can be separated by a radius of ~0.6 μm. The bimodal structure of volume size distribution may be due to various reasons, such as mixing of two air masses with different aerosol populations (Hoppel et al., 1985) , homogeneous hetero-molecular nucleation of new fine particles in the air, 450 or heterogeneous nucleation and growth of large particles by condensation of gas-phase products.
The AERONET aerosol size distributions are retrieved from the spectral sun photometer using 22 radius size bins in the size range of 0.05-15 μm. Figure 14 shows the composite volume size distribution of aerosols over Pune. Here r min and r max shows range of radii for corresponding modes. The value of volume size distribution in coarse-mode is higher compared to fine-mode due 455 to likely to be caused by atmospheric elements. The seasonal variations in aerosol volume size distribution for the period from2005 to 2015 are shown in Fig. 15 . It shows that during monsoon season, coarse-mode volume concentration is 460 higher than the fine-mode which suggests that there is dominance of coarse-mode aerosol particles over the site due to the monsoon activities that start during this season and also due to local meteorological conditions, land-surface and long-range transport processes. Tripathi et al. (2005) found that there was an increase of 50% in volume concentration in coarse mode over the Indian region during the monsoon season. On the other hand, there is a very small variation in mean radius seasons, which suggest that there may be different types of sources of coarse-mode particles. The errors associated with the particle retrieval in the size range (0.1 ≤ r ≥ 7 μm) do not exceed 10%
in the maxima of the size distribution and may increase up to about 35% for the points corresponding to the minimum values of dV(r)/dlnr in this size range (Dubovik et al., 2002) . 
Single Scattering Albedo (SSA)
Single scattering albedo (SSA) is very important parameter for the measurement of fraction of radiation absorbed by the atmospheric aerosols (expressed through 1-SSA). SSA is the ratio of 475 scattering efficiency to total extinction efficiency and it is the combined effect of scattering and absorption properties of aerosols, which in combination with surface reflectance determine whether aerosols contribute towards cooling or heating of the atmosphere (Satheesh, 2002) . SSA is calculated from the scattering optical thickness which is obtained from the normalized aerosol phase function using diffuse radiance measured at different angles. The detailed method of 480 determining the SSA was given by Dubovik et al. (1998) . SSA has nearly a unit value for purely scattering aerosols (e.g. sulphate aerosols) and has low value for strongly absorbing aerosols (e.g. black carbon and/or mineral dust). Trend analysis of monthly averaged SSA values and corresponding standard deviations at 440, 675, 870 and 1020nm are shown in Figure 16 . SSA was found to be wavelength dependent due to the influence of coarse dust/sea salt particles and anthropogenic activities during both summer and winter seasons. Spectral variations 490 in SSA difference between dust and urban pollution, with the SSA tending to increase rapidly with increasing wavelength during dust events but to decrease during periods of increased urban pollution (Bergstrom et al., 2007; Dubovik et al., 2002) . From Fig. 16 increasing wavelengths was observed, which suggests an enhanced mixed aerosols and biomassgenerated aerosols along with urban-industrial aerosols (Bergstrom et al., 2007; Russel et al., 2010) . Results clearly suggest that the spectral behavior of SSA highly depends on the nature of aerosol particles. The mean seasonal variation of SSA at different wavelengths during the study period is shown in Fig. 17 . 
Asymmetry Parameter (AP)
Asymmetry parameter (AP) is a measure of angular distribution of light scattering by aerosol particles, which mainly regulates the aerosol radiative forcing. Theoretically, the range of AP lies between -1 (for the backward scattered radiation) to +1 (for the forward scattered radiation).
However, the zero value represents symmetric scattering. Similar to SSA, Asymmetry parameter 520 also depends on the aerosol particles size and their composition. The AP decrease with increase in wavelength and the overall range varies from 0.71 to 0.65 for the four wavelengths. Zege et al. (1991) showed that the asymmetry parameter ranges from ∼0.1 to ∼0.75 for very clean atmospheres to heavily polluted conditions. Figure 18 shows 
Refractive Index (RI)
Refractive index is an important optical parameter, highly dependent on the chemical composition of aerosols. The refractive index is a complex quantity, expressed in terms of real n(λ) and imaginary k(λ) parts; which provide an indication of highly scattering or highly absorbing types of 555 aerosols, with higher n(λ) values corresponding to the scattering type and higher k(λ) values corresponding to the absorbing type (Sinyuk et al., 2003) . Real and imaginary parts n(λ) and k(λ), are not independent of SSA and the retrieved size distribution of the aerosols in the region, but some differences in trends may be observed because of the presence of different types of aerosols (Dubovik et al., 2002) . The useful information about the RI comes from aureole radiances, which 560 are strongly affected by errors in the angle-pointing bias. The errors are estimated to be 30-50%
for the imaginary part and ±0.04 for the real part of the RI (Dubovik et al., 2002) . These estimated errors are for high aerosol loading (AOD440nm ≥0.5) at solar zenith angle >50 o . Figure 20 depicts the time series of monthly averaged real part of RI at 440, 675, 870 and 1020nm. The real part of RI at higher wavelengths is larger than at shorter wavelengths due to the higher absorption in the 565 near infrared band by coarse particles (Cheng et al., 2006a (Cheng et al., , 2006b . The real part of RI is found in the range of 1.50 to 1.53. Figure 20 shows monthly mean variation of RI at different wavelengths displays seasonal variation of imaginary part of RI. The imaginary part is also wavelength dependent and generally decreases as the wavelength increases, but in post-monsoon, the imaginary part increases with increase in wavelength. The imaginary value is found to be higher in winter and lower in monsoon, with higher values relating to absorbing anthropogenic aerosols Vertical bar at each data point represents standard deviation from mean.
Effective Radius (Reff) and Volume-weighted mean radius (Rv)
Effective Radius (Reff) is quite representative of the optical properties of coarse-mode particles, 615 whereas for fine particles, volume weighted mean radius (Rv) is more appropriate parameter . The time series of monthly mean Reff (for coarse-mode) and Rv (for finemode) are shown in Figure 24 . Both parameters show slightly decreasing trend by 0.13% per year for effective radius and increased trend by 2.14% per year for volume weighted mean radius due to lack of observations and also unfavorable sky conditions. The seasonal variation of Reff and Rv 620 is shown in Fig. 25 . Reff is found to be higher during the pre-monsoon and monsoon seasons. The high values in Reff during the monsoon season are attributed to the abundant transport of aerosols of natural origin and also the surface-level anthropogenic aerosols, which increases the loading of coarse-mode particles . The increase and decrease in Reff during postmonsoon and winter seasons respectively, are interesting. Although no significant coarse-mode Table 1 . It shows very high atmospheric heating (more than 60 Wm -2 ) at the all seasons. These interactions between aerosols and solar radiation can be attributed to combination of aerosol properties (i.e., types), surface properties (i.e., albedo), and geographical parameters (latitude, season) (Yu et al., 2006) . The large difference between TOA and BOA forcing demonstrate that solar radiation is being absorbed within the atmosphere, and as 675 result the atmosphere gets warmer but the earth`s surface gets cooler (Alam et al., 2011; Sumit and Devara, 2012b) . This can substantially alter atmospheric stability and influence the dynamic system of the atmosphere (Li et al., 2010) . The ARF for the whole observation period at the TOA is in the range of +11 to -46 Wm -2 (average -17±10 Wm -2 ), at the BOA from -32 to -152 Wm -2 (average -82±19 Wm -2 ), increasing the ATM forcing from +15 to +149 Wm -2 (average +64±25 680 Wm -2 ). But the radiative forcing during winter, the BOA (-73.3±18.2 Wm -2 ) is more strongly negative associated with corresponding TOA (-14.8±9.5 Wm -2 ), giving rise to the highest ATM value of 58.4±15.5 Wm -2 with a resulting heating rate of 1.95±0.5 Kday -1 during this season. As against this, during pre-monsoon and post-monsoon seasons, ATM appears to be reduced with the reduced heating rates of 1.7±0.5 Kday -1 and 1.8±0.5 Kday -1 (Table 1) . Vertical bar at each data point represents standard deviation from mean. in the seasonal pattern of the air masses and long-range transport, the specific influence of anthropogenic pollution etc. Figure 28 depicts the comparison between long-term climatology of AOD and Water vapor data sets from AERONET observations with MODIS and OMI observations. Here MODIS satellite 715 gives AOD at 550nm, while AERONET data had no corresponding wavelength to match it exactly.
Seasonal variation of Aerosol Types
Comparison between AERONET observations with satellite observations
So, the AERONET AOD at 550 nm was obtained by interpolation between 440 nm and 675 nm following the Ångström equation. All figures clearly show increasing trend except water vapor parameter. Figure 28 (b) clearly shows, AERONET AOD observations were relatively higher overestimation compared to OMI AOD. One possible explanation may be due to the wavelength 720 differences. Figure 28 (c) shows AERONET H2O trend is higher compared to satellite H2O trend, but magnitude wise both are following similar trend. Figure 29 shows correlation between AERONET observations and satellite observations. They show strong correlation between satellite observations and AERONET data (Figures 29(a) , and (c)). Weak correlation (Figure 29 (b) ) was observed between OMI AOD442nm and AERONET AOD440nm. This could be due to difference in 725 the measurement accuracy, which may often be attributed to different signal-to-noise ratios at different resolutions and surface reflectance. The observed variations in trends and correlations may be attributed to the lack of observations, weather patterns, seasonal variations, changes of meteorological parameters etc. 
Conclusions
Long-term detection of changes in aerosol characteristics has been one of the key issues for 750 researchers working on climate and environment. AERONET, the largest global network for ground-based remote sensing of aerosol optical properties, has grown rapidly, and more than ten years of continuous observations have been maintained by a large number of independent academic and research institutions. The high quality and accuracy of AERONET observations provided a tremendous opportunity to investigate how and what causes the changes in AOD (Wu 755 and Zeng, 2011). The main conclusions that can be drawn from the present study are summarized as follows:
1. Time series of AOD exhibit an increasing trend over Pune during the study period (January
-December 2015)
, which is ascribed mainly to growth in urbanization. The daily variability of AOD was found to be higher in monsoon and lower in winter months,
